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Introduction
The regulatory agencies of the Commonwealth of Puerto Rico, in particular the Puerto Rico Department of Environmental and Natural Resources (PRDENR), are in need of easily accessible information that might help them to properly manage the groundwater resources of Puerto Rico and its outlying islands. This information would be preferentially presented as a series of hydrogeologic maps complemented with geologic cross sections and textual notes. Consequently, the Commonwealth requested the U.S. Geological Survey (USGS) to prepare a report including the main elements of the hydrogeology of Puerto Rico and the outlying islands of Vieques, Culebra, and Mona obtained from previous studies conducted by the USGS.
The hydrogeologic maps of Puerto Rico and the outlying islands will be useful to hydrogeologists, groundwater specialists, and water-resources managers and planners in developing and protecting water resources in these islands. In addition, these maps can serve as catalysts in promoting future research within areas where current hydrogeologic information is limited or insufficient and can contribute toward promoting scientific interaction between countries in the Caribbean region.
Hydrogeologic maps were prepared for Puerto Rico and the outlying islands of Vieques, Culebra, and Mona by using a geographic information system (GIS) format. The hydrogeologic map of Puerto Rico is shown on plate 1 at a scale of 1:240,000. The hydrogeologic maps of the outlying islands are shown on plate 2 for Vieques, Culebra, and Mona at a scale of 1:50,000.
The principal objective of the hydrogeologic maps of Puerto Rico and the outlying islands of Vieques, Culebra, and Mona is to present information regarding the hydrogeologic and hydrologic characteristics of the islands in relation to specific geologic settings. Two primary features are depicted on the hydrogeologic maps. The first feature identifies geographic areas underlain by locally important aquifers as well as areas where groundwater availability is limited to nonexistent. The second feature differentiates groundwater occurrence according to the principal water-bearing units that compose the aquifers. Waterbearing units are depicted on the map as fissured units (carbonate rocks), intergranular deposits (alluvial or associated deposits), or a combination of both (Struckmeiser and Margat, 1995) .
Previous Work
The first hydrogeologic map of Puerto Rico including the outlying islands of Vieques, Culebra, and Mona was prepared in 1965 by the U.S. Geological Survey (USGS) at a scale of 1:240,000 (Briggs and Ackers, 1965) . At that time, available hydrogeologic information depicted on the map included 1. Information from surficial geologic maps prepared at various scales, such as 1:20,000 and smaller.
2. Information on well characteristics and drillers' lithologic logs.
3. Information obtained from the report "A comprehensive assessment of the groundwater resources of Puerto Rico and the outlying islands" (McGuinnes, 1948) .
The 1965 hydrogeologic map of Puerto Rico was used as the basis for constructing the hydrogeologic maps presented in the current report. The 1965 map was especially useful in helping delineate the hydrogeologic unit boundaries described on the current maps. Information from a geologic map prepared by R.D. Krushensky (Bawiec, 1998) was also used.
The USGS has conducted numerous hydrologic and hydrogeologic investigations in cooperation with agencies of the Commonwealth of Puerto Rico since 1965. In addition, by 1987, the USGS was operating a network of 43 streamflowgaging stations, 56 surface-water-quality monitoring stations, and 31 groundwater-level monitoring sites throughout Puerto Rico (Curtis and others, 1987) . By 2010, the network had expanded to include 88 streamflow-gaging stations, 55 surface-water-quality stations, and 92 groundwater-level monitoring sites (U.S. Geological Survey, 2010) . Results from interpretive studies have been made available to the public in published reports and maps. Data have been made available through the Water Resources Data report series, published annually from 1965 to 2011, and most recently in digital format. Many reports on the water resources of Puerto Rico and the islands of Vieques, Culebra, and Mona have been published (http://pr.water.usgs.gov/publications/). Only those reports available through 2002 served as the primary sources of information in developing the recent hydrogeologic maps and preparing this report.
Most of the information presented on the recent maps and in this report were derived from the federally funded USGS Caribbean Islands Regional Aquifer-System Analysis (CI-RASA) Program. Thus, readers are encouraged to review the reports prepared as part of that Program and other infor mation available to the general public from the USGS National Water Information System (http://pr.water.usgs.gov/) .
Methodology Used to Prepare the Hydrogeologic Maps
The hydrogeologic maps of the main island of Puerto Rico and the outlying islands were developed by reviewing available hydrologic and hydrogeologic data up to about 2002. An exception was the data provided on water use and groundwater withdrawals, which were estimated from 2005. The hydrogeologic data were summarized and interpreted in a format that could be understood by non-specialists as well as groundwater hydrology and water-resources specialists. The steps taken to prepare the hydrogeologic maps follow:
1. Existing literature was reviewed to determine those aquifer areas that had been studied in detail versus those aquifer areas that had been studied only as part of regional assessments.
2. Automated and non-automated databases were searched to compile information on well characteristics, the quality of groundwater, and streamflow statistics.
3. Geographic areas with deficient information were delineated. Missing information was obtained either by directly contacting government agencies that had collected groundwater data in those areas or by performing actual field surveys.
4. Preliminary maps and figures were constructed in preparation for developing the hydrogeologic map for the island of Puerto Rico and outlying islands.
5. Individual map overlays were reviewed for qualityassurance purposes and to make modifications where necessary prior to completing the final map plates.
Generalized Characteristics of the Islands
Puerto Rico and its adjacent islands of Vieques, Culebra, and Mona lie along the northeastern boundary of the Caribbean Sea between latitudes 17°58' N. and 18°32' N. and between longitudes 65°15' W. and 68°00' W. (fig. 1 ). The total land area of the four islands is 8, 927 . In 2010, the total population of Puerto Rico (including Vieques and Culebra) was 3,725,789 with approximately 50 percent of the population living at or in the vicinity of the two major urban centers on the main island of Puerto RicoSan Juan to the north and Ponce to the south ( fig. 1) . Specifically, the population was distributed among the four islands as follows: Puerto Rico had 3,714,670 inhabitants; Vieques had 9,301 inhabitants; Culebra had 1,818 inhabitants; and Mona had no permanent inhabitants (U.S. Bureau of the Census, 2012).
The economic and social settings of Puerto Rico have been transformed substantially since World War II. Originally an agriculturally dependent economy based on sugarcane, tobacco, and coffee, Puerto Rico's economy has since become more diversified. The principal forces driving the island's economy include industrial development (in other words, pharmaceuticals and chemical products, electronics, textiles, and food processing); construction (i.e., industrial, commercial, residential, and public works infrastructure); commerce (i.e., retail sales and exports); financial services (i.e., banking); and tourism. The successful diversification of the economy beyond agriculture has been confirmed by labor statistics. In 2000, the total labor force consisted of 915,882 persons of which about 1 percent (10,300) worked in agriculture or related enterprises. The remaining labor force was employed in management (27 percent) service, including government (16 percent), sales (28 percent), production and transportation (16 percent), and construction (12 percent) (http://www.dol.gov/ ofccp/pdf/reveeopr2.pdf). In 2007, the total labor force consisted of 1,014,970 persons of which less than 1 percent (10,000) worked in agriculture or related enterprises.
The economic and social settings of Vieques differ greatly from that of Puerto Rico. Until 1943, sugarcane cultivated within the coastal plain served as the principal source of income for the island's population. In 1943, the U.S. Navy occupied the island, using nearly 75 percent of the land for training purposes. In 2004, the U.S. Navy transferred most of the occupied land to the U.S. Fish and Wildlife Service and to the Municipality of Vieques.
On Culebra, during the period from 1943 to 1973, about 30 percent of the land was under the jurisdiction of the U.S. Navy. By 1973, the U.S. Navy ceased nearly all operations on the island, retaining only 25 hectares (ha) at Punta Flamenco. The remaining land was transferred to the Commonwealth of Puerto Rico under stipulations of U.S. Public Law 93-166, which established certain restrictions on future land uses. The restrictions were intended primarily to comply with requirements of the National Environmental Policy Act to protect endangered species. As a result, about 380 ha or 15 percent of the island was designated as a wildlife refuge for migrating species of birds and sea turtles, including the leather back and green turtles, which use most of the island's sandy beaches as nesting areas. The wildlife refuge is managed cooperatively by the Puerto Rico Department of Natural and Environmental Resources and the U.S. Fish and Wildlife Service. An additional 316 ha are to be retained by the U.S. Fish and Wildlife Service in exchange for about 108 ha of land on the adjacent island of Culebrita, which has been part of the U.S. National Wildlife Refuge system since 1909.
The entire island of Mona is protected as a sanctuary for 59 endemic plant and animal species and as a wildlife refuge for migrating species. A number of pre-Colombian archaeological sites and places of historical interest also are located on the island. 
Physiography and Vegetation
Geographically, Puerto Rico and the outlying islands have been subdivided into 11 regions on the basis of similar landforms and climate characteristics (fig. 2; table 1 ; Picó, 1964) . The physical diversity characterizing each region is complex and beyond the scope of this report; however, the following summary describes the primary physiographic features of each island.
Puerto Rico
The principal physiographic feature of Puerto Rico is the Cordillera Central and the Sierra de Cayey, which form a continuous mountain range extending in an east-west direction nearly the entire length of the island ( fig. 3) . The foothills, which separate the coastal plain from the mountains, begin at an altitude of about 300 meters (m). Throughout most of the mountainous areas, ridge tops reach altitudes of 700 m with a maximum altitude of 1,338 m found at Cerro de Punta north of Ponce. Within the mountainous areas, hillsides are steep with about 50 percent of the land having slopes greater than 45 percent.
The predominant physiographic feature characterizing the western two-thirds of the northern coast is karst terrain, which extends inland as much as 20 kilometers (km). The karst topography varies from typical solution feature landforms, such as sinkholes and cockpits (intersecting star-shaped dolines or sinks), to residual tower karst features, which are landforms distinguished by elongated plains bounded by steep-sided hills or mogotes (haystack hills). In general, solution karst landforms are more typical of inland areas, and residual tower karst landforms predominate at lower altitudes along the north coast (Monroe, 1976) . The most distinctive feature along the south coast of Puerto Rico is the marked contrast between the intense green foliage of cultivated crops grown on irrigated lands within the coastal plain and alluvial valleys and the semi-arid conditions and sparse vegetation growing within the foothills and karst terrain of the southwest.
Vieques
The principal physiographic feature of Vieques is a relatively broad plain that slopes to the south from a central ridge extending across the western half of the island ( fig. 4) . Altitudes along most of the length of the ridge reach 100 m with a maximum altitude of 301 m at Monte Pirata. The land has a slope of about 12 percent between an altitude of 50 m and the coast. Above this altitude, the slope increases to about 40 percent. As of 2002, most of the island was in pasture or brush. 
Culebra
The principal physiographic feature of Culebra is Ensenada Honda, which is a natural bay located on the south side of the island ( fig. 5 ). The bay is sheltered from the trade winds and is about 12 m at its maximum depth. The terrain of Culebra is hilly with slopes ranging between 20 and 40 percent. As of 2002, most of the land was in pasture or brush. Base from the U.S. Geological Survey National Elevation Dataset 
Mona
Two physiographic features dominate the landscape of Mona ( fig. 6 ). First, the island is encircled by cliffs that rise vertically upward from the ocean along more than 50 percent of the coastline. Second, the interior of the island is characterized by a limestone tableland that reaches an average altitude of 60 m. The tableland is nearly flat, with the exception of sinkhole depressions in an area covering less than 170 ha. The sinkhole depressions are the only areas on the island where soil is found, with the exception of the coastal plain. The reddish silt loam derived from weathering of the limestone bedrock fills the depressions and provides support for a forest of trees that average 6 m in height. The only other forest vegetation on the island is located within a 320-ha tract of land on the coastal plain. The remainder of the island vegetation is predominantly low dry forest shrubs and cactus. 
Climate
In general, the east-west trending Cordillera Central and Sierra de Cayey mountains form an insular hydrologic divide that separates the island of Puerto Rico into two climatologically distinct regions. The northern two-thirds of the island has a relatively humid climate whereas the southern one-third of the island is semi-arid.
The National Oceanic and Atmospheric Administration (1982) subdivided the island of Puerto Rico into six climate areas and designated a seventh climate area in the outlying islands ( fig. 7) . Local climate variability within each subdivision and in the outlying islands is attributed to local differences in topographic relief and the effect of prevailing trade winds. Along the northern coast of Puerto Rico and in the outlying islands, prevailing trade winds are from the northeast. Along the southern coast of Puerto Rico, the east-west trending mountains affect wind patterns. In this area, the predominant wind direction is from the southeast during daylight hours, whereas prevailing winds are from the northeast during the period from midnight to early morning. Prevailing winds along the western end of Puerto Rico at Mayagüez differ from other areas on the island. Predominant winds in this area are from the west, which is nearly opposite to the prevailing northeast trade winds. Prevailing west winds are infrequent throughout other areas of the island. For example, in the San Juan area, west prevailing winds occur less than 3 percent of the time and generally are associated with the passing of cold fronts across the island.
Mean monthly air temperatures in Puerto Rico and the outlying islands vary little throughout the year. Air temperatures generally are warmest during the month of August and coolest during the months of January and February. In coastal areas, annual air temperatures range from a mean maximum of 27 degrees Celsius (°C) to a mean minimum of 24 °C. In interior mountainous areas (that is, Eastern and Western Interior climate subdivisions; fig. 7 ), annual air temperatures range from a mean maximum of 25 °C to a mean minimum of 22 °C.
Air temperatures fluctuate little throughout the year as a result of relatively constant insolation (that is, solar radiation) and seawater temperatures. The rate of delivery of solar radiation is nearly constant because the difference in daylight hours varies little throughout the year. Between the longest day of the year (13 hours, 13 minutes) and the shortest day (11 hours, 2 minutes), the amount of daylight differs by only slightly more than 2 hours. Mean monthly seawater temperatures vary by only about 4 °C; the mean maximum water temperature of 28 °C occurs in October, and the mean minimum water temperature of 24 °C occurs in January.
The spatial distribution of rainfall in Puerto Rico is variable ( fig. 8 ). Rainfall is greatest in the Sierra de Luquillo rainforest in the eastern part of Puerto Rico. The mean annual total rainfall in Sierra de Luquillo is 4,305 millimeters per year (mm/yr). The least amount of rainfall occurs in the vicinity of Guánica at Ensenada in southwestern Puerto Rico. In this area, the mean annual total rainfall is 768 mm/yr.
Pronounced orographic effects from the Cordillera Central and the Sierra de Cayey mountains in Puerto Rico result in high rainfall amounts occurring on the windward side of the mountains, which is north of the insular hydrologic divide. The opposite occurs south of the divide on the leeward side of the mountains, where coastal areas lie within a rain shadow resulting in lower rainfall amounts. Orographic effects on rainfall are not as pronounced in the outlying islands, with the exception of Vieques.
Rainfall on the island of Vieques differs substantially between the leeward or west side of the island and the windward or east side of the island. In general, rainfall occurs more frequently on the west side of Vieques. Although rainfall data are insufficient to quantify amounts, estimates indicate that the difference in rainfall between the east and west ends of the island could be as much as 345 mm/yr. Rainfall in the eastern part of the island may be similar to that of the island of Culebra where the mean annual total rainfall is 925 mm/yr. The mean annual total rainfall in the western part of Vieques, at Playa Grande and Resolución, is 1,270 mm/yr ( fig. 4) . The mean annual total rainfall on the island of Mona is 915 mm/yr.
Although rainfall data are limited, certain vegetation adapted for life with a limited water supply (such as xerophytes) serve as strong indicators about rainfall distributions on Vieques. The growth of xerophytes is prevalent on the east side of the island where rainfall is limited as opposed to the west side of the island where rainfall is more abundant.
Major rainfall events producing substantial volumes of rain in Puerto Rico and the outlying islands are caused by one of two climate mechanisms-the passage of an easterly wave or the passage of a cold front. Easterly waves generally occur during May to November with some having sufficient intensity to evolve into tropical storms and (or) hurricanes. Cold fronts generally occur during November to April and may produce sufficient rainfall to cause flooding even during the period from December to March, which is a relatively dry period. The number of easterly waves or cold fronts passing over the region in any given year ultimately determines whether the region experiences relatively dry conditions or wet conditions. As a result, localized droughts occur yearly within many of the geographic areas of Puerto Rico. Extended, extreme drought conditions affecting the entire region of Puerto Rico and the outlying islands have occurred on three occasions during the 20th century. The first extreme drought began in the late 1920s and continued through 1930. The second severe drought began in the mid 1960s and ended in 1968. The third severe drought affected primarily the eastern half of the main island of Puerto Rico throughout most of 1994 ( fig. 9 ). During the drought of the 1960s, mean annual rainfall on the main island of Puerto Rico was about 1,100 millimeters (mm) in 1967 (Colón, 1983) compared to the 30-year normal (1931-60) of 1,825 mm/yr. The drought of 1994 resulted in a rainfall deficiency of about 30 percent throughout the eastern part of the island and was particularly notable in its effect on the availability of public-supply water for more than 1 million people living within the San Juan metropolitan area and the city of Caguas. Historical references indicate that other severe droughts have reportedly affected the southern coast of Puerto Rico from Guayama to Cabo Rojo during the period 1892 to 1894 (Wilson, 1899) and during the period 1871 to 1874. Evidence of the severity of this latter drought period was found in a decree written by the Ponce mayor, Rafael de Leon, on May 17, 1874. In the decree, the mayor reminded citizens of the law prohibiting the cutting of forested areas without first obtaining the proper permits in light of the severe drought, which affected the area for more than 3 years (Neumann, 1913) . 
Geology
A generalized description of the geology of Puerto Rico and adjacent islands is presented below. Information was obtained from reports compiled by Bogart and others (1964) and from studies conducted by Meyerhoff (1933) , Zapp and others (1948) , Mattson (1960) , Briggs (1961) , Glover (1971) , and Monroe (1980) . During the late 1980s, an extensive exploratory drilling program was conducted within the largest aquifer systems in northern and southern Puerto Rico. Thousands of meters of cores from 15 locations along the northern coast were used by Hartley (1989) and Scharlach (1990) for interpretation of the stratigraphy and depositional history of the Oligocene and Miocene rocks. Along the southern coastal plain, exploratory drilling was also conducted in the area from Ponce to Salinas. Core data were used to describe the depositional history within the fan-delta plain and the relation of the plain to tectonic and eustatic sea level changes (Renken and others, 1995) . Details of the updated interpretations of the island's geologic framework and the relation of the geology to the hydrogeologic setting are presented in Renken and others (2002) .
The central core of Puerto Rico consists primarily of volcanic and intrusive rocks of Cretaceous and early Tertiary age ( fig. 10 ). The volcanic rocks are predominately ashy shale, agglomerate, and tuff, and most of them are thoroughly indurated. These rocks are interbedded with thick, dense lava flows and relatively thin beds of limestone that have been partly recrystallized in many places. The volcanic rocks and interbedded limestones have been complexly faulted, folded, metamorphosed, and intruded by dioritic rocks. The massive, dense dioritic intrusions are exposed by erosion in two large areas and many small areas on the island (plate 1). Massive, dense serpentinite and associated silicified rocks underlie large areas in the southwestern part of the island (plate 1). The central igneous core of the island is flanked on the north and south by clastic sediments and limestones of Oligocene and Miocene age.
Within the middle Tertiary sequence, the older clastic sediments are composed predominately of poorly sorted mixtures of gravel, sand, and finer materials. The sediments grade upward into thick beds of relatively pure limestone.
Along the northern coast, the limestone has been subjected to extensive solutional activity, which has resulted in the formation of mature karst topography. Unconsolidated deposits of Pleistocene and Holocene age form a discontinuous coastal plain. The sediments throughout most parts of the north and northeast consist mostly of carbonaceous sandy clay, except at the stream valleys where the sediments grade inland to alluvial deposits. At the western coast stream valleys, the deposits are derived from weathered tuff and shale and consist mostly of clay and silt. Alluvium deposited at the southern and southeastern coasts is rich in coarse-grained sand and gravel except near the shoreline where it grades into swamp deposits. After the deposition of limestone during the middle Tertiary period, Puerto Rico was arched, uplifted, and tilted to the northeast. The islands of Vieques and Culebra are part of the Puerto Rican block and are separated from Puerto Rico by the submergence that resulted from the tilting to the northeast and by the eustatic increase in sea level during the Holocene period.
Vieques island is underlain in the eastern half by andesites of Late Cretaceous age deposited in a marine environment and in the western half by an extensive dioritic rock intrusion ( fig. 10 ). Limestones of Miocene age fringe the southern coast and the extreme eastern end of the island, and deposits of alluvium as much as 20 m thick form a relatively extensive plain toward the southwest. Culebra island is underlain by volcanic and intrusive rocks of Cretaceous age. In the northcentral part, these rocks have been intruded by diorite. Alluvial deposits are predominately composed of silt and clay, but in the major stream courses near the coast these deposits contain some sand and gravel. Mona island is a limestone plateau, bounded by steep to vertical cliffs that rise 60 m above mean sea level. Except for a thin soil cover present only in large upland depressions, the entire island consists of limestone and calcitic dolomite. Two major units have been identified; from oldest to youngest these are the Isla de Mona Dolomite of early or middle Miocene age, with a maximum exposed thickness of 80 m (base concealed by the sea), and the Lirio Limestone of Miocene age, with a maximum exposed thickness of 40 m (Kaye, 1959) . A narrow, low-lying coastal terrace exists along the southern perimeter of the island formed by an elevated reef of Pleistocene age with a thin cover of sand.
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Hydrology
The island of Puerto Rico is considered to have an abundant supply of water compared to the smaller islands of Vieques, Culebra, and Mona. On the main island, about 41 perennial streams discharge to the sea ( fig. 11) . All of the perennial streams are located north of the Cordillera Central mountains, except the Río Guanajibo and Río Grande de Añasco, which are located in the southwestern and western parts of Puerto Rico, respectively. The longest river is the Río de la Plata, which has a total length of 100 km and discharges to the west of San Juan. The headwaters of the Río de la Plata are in the Sierra de Cayey (the eastern extension of the Cordillera Central) at an altitude of 700 m. The largest stream basin is the Río Grande de Loíza in northeastern Puerto Rico; the basin covers about 750 km 2 . Additional information about the principal watersheds in Puerto Rico is listed in table 2. Santiago-Rivera (1992 , 1996 In Puerto Rico, the demand for water for a variety of purposes has resulted in the construction of diversion structures in about 2,600 km 2 or nearly 60 percent of the total watershed area that is underlain by volcanic rocks. Use of these diversion structures has resulted in the complete capture of annual low flows in several small perennial streams and in the Río Grande de Loíza and the Río de la Plata, which are two of the largest watersheds on the island. The Río Grande de Loíza and the Río de la Plata watersheds ( fig. 12 ) are the principal sources of public water supply for the San Juan metropolitan area. In 2005, the total streamflow diverted from these watersheds for public water supply was about 660,000 cubic meters per day (m 3 /d) or 7.6 cubic meters per second (m³/s) with about 40 percent diverted to filtration plants that serve a metropolitan population of about 1.4 million (Molina-Rivera and Gómez-Gómez, 2008).
The general water balance for the island of Puerto Rico and the amount of water available from surface-water and groundwater sources is graphically illustrated in figure 13 . In an average year, the island receives about 1,825 mm of rainfall, of which 1,189 mm or nearly 65 percent is lost to evapotranspiration. Of the total remaining available water, groundwater accounts for about 53 mm (or 14.6 m 3 /s) and streamflow accounts for about 583 mm (or 161 m 3 /s); about 76 mm (or 21 m 3 /s) of streamflow is available as baseflow to lowland areas. A common occurrence in streams on the island of Puerto Rico is the loss of an indeterminate amount of baseflow to coastal wetlands or aquifers during low-flow periods when sandbars seal river outlets preventing direct outflow to the sea. These low-flow periods include February and March for streams draining watersheds underlain by volcanic rocks, and July and August for streams receiving drainage from the North Coast Limestone belt. 
Contents of the Hydrogeologic Map
The hydrogeologic map shows the location and spatial extent of the groundwater provinces on the main island of Puerto Rico and the outlying islands of Vieques, Culebra, and Mona. The most intensively developed and extensive of these provinces are the North Coast and the South Coast on the main island of Puerto Rico.
Description of Aquifer Systems
Puerto Rico is subdivided into six groundwater provinces on the main island and two additional provinces on the outlying islands of Vieques, Culebra, and Mona. These provinces have been primarily segregated on the basis of similar geologic units and physiographic features, following the classification of McGuinnes (1948) . These provinces were originally published by Molina-Rivera and Gómez-Gómez (2008). As illustrated in figure 14 , the eight groundwater provinces consist of the (1) 
North Coast Province
The North Coast Province covers about 2,100 km 2 and is underlain by the North Coast Limestone aquifer system, which includes the most productive and extensive aquifers in Puerto Rico ( fig. 14) . Aquifers in the North Coast Province are formed by carbonates, predominantly limestone, and terrigenous clastic beds of Tertiary age that extend from the west coast to the San Juan metropolitan area. In the area extending from the Río Grande de Arecibo to the Río Espíritu Santo, which is east of San Juan, fine-grained coastal plain deposits overlie the limestone and terrigenous clastic beds and serve as a semiconfining unit.
Limestone and terrigenous clastic units in the North Coast Province show no evidence of faulting or deformation in the outcrop areas. The units dip northerly averaging about 5 degrees in outcrop areas and strike about 47 minutes east (Giusti and Bennet, 1976) .
In the North Coast Province, rocks of middle Tertiary age, which constitute the main aquifers, have been subdivided in ascending order, from oldest to youngest, into the following stratigraphic units: San Sebastián Formation, Mucarabones Sand, Lares Limestone, Cibao Formation, Aguada Limestone (also known as Los Puertos), Aymamón Limestone, and the Camuy Formation (also known as the Quebradilla Limestone) (figs. 15, 16). The San Sebastián Formation is not considered to be a water-bearing unit. The formation overlies volcanic bedrock and primarily consists of clay with secondary amounts of sand and gravel and locally, sandy limestone (Monroe, 1980) . Toward the eastern part of the North Coast Province, the San Sebastián Formation is absent, mostly replaced by the partially time-equivalent (partially of the same age) Mucarabones Sand.
Fresh groundwater in the North Coast Limestone aquifer system is found in two principal aquifers identified as the upper and lower aquifers. The upper aquifer is located within the Aymamón and Aguada Limestone units, and within alluvial stream valleys and coastal plain deposits. The lower aquifer is located within limestone members (bioherms) of the Cibao Formation, the Lares Limestone, and the Mucarabones Sand. The Montebello Limestone Member of the Cibao Formation is the most productive unit of the lower aquifer. Areally, the lower aquifer is a regionally important source of groundwater in the area between the Río Grande de Arecibo and the Río Grande de Manatí (fig. 17) .
The hydrogeologic properties of the carbonate rocks differ substantially, owing to diverse depositional environments that result from processes including uplift and northward tilting of the island's platform, eustatic changes in sea level, the evolution of north-flowing streams during the deposition of limestone units, and the development of drainage features resulting from solutional and erosional processes. On the basis of the substantially different hydrogeologic properties that characterize the carbonate rocks underlying the North Coast Province, the region has been divided into three subareas: (1) West Coast to Río Grande de Arecibo area, (2) Río Grande de Arecibo to Río de la Plata area, and (3) Río de la Plata to Río Espíritu Santo area (Gómez-Gómez and Heisel, 1980; fig. 14) . The following sections describe the hydrogeologic features of each subarea.
West Coast to Río Grande de Arecibo Area
The West Coast to Río Grande de Arecibo area is characterized by cliffs that rise 45 m above mean sea level along much of the coast. As a result, there is no coastal plain in this area. The water-table altitude ranges from mean sea level to as much as 275 m above mean sea level within the Lares Limestone at a distance of about 6 km from the shoreline. West of the Río Guajataca, the water-table altitude reaches a maximum of 150 m within the Cibao Formation; the level of the water table may be controlled by the water level in the Lago de Guajataca reservoir, which has a spillway altitude of 197 m. Test drilling conducted during 1986 near Hatillo (site number NC-6, fig. 15 ) and during 1987 near Isabela (site number NC-11, fig. 15 ) penetrated permeable units of the Cibao Formation (and possibly the Lares Limestone) that contained fresh ground water under confined conditions at depth near the coast.
Hydraulic characteristics of the aquifer system in this area are poorly known. Few existing wells tap the aquifer within the Aymamón and Aguada Limestones and have yields that range from 3 to 6 liters per second (L/s). Specific capacity generally is less than 0.2 liter per second per meter (L/s/m) of drawdown. Data obtained during exploratory drilling during 1986 and 1987 near Hatillo and Isabela (sites NC-6 and NC-11, respectively, fig. 15 ) indicated that the aquifer had a maximum head of 45 m above mean sea level at site NC-6 (about 20 m below the land surface datum) and 18 m above mean sea level at site NC-11 (about 70 m below the land surface datum). Recharge to the aquifer occurs primarily from rainfall infiltrating throughout limestone outcrop areas and possibly as seepage from the Lago de Guajataca reservoir, which was constructed in 1928. Groundwater discharges to the coast and along the main rivers. Springflow along the south-facing escarpment, near the shoreline and along the main rivers, also may constitute substantial aquifer discharge features in this part of the North Coast Limestone aquifer system. Groundwater withdrawals in this area are estimated to be less than 20,000 m 3 /d.
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Río Grande de Arecibo to Río de la Plata Area
Groundwater in the 800-km 2 Río Grande de Arecibo to Río de la Plata area is unconfined in the Aymamón and Aguada Limestones, in alluvial valleys, and in areas where the Montebello Limestone Member of the Cibao Formation and the Lares Limestone crop out ( fig. 17 ). In 1968, groundwater was found to be confined in wells drilled into the down-dip sections of the Montebello and Lares Limestones in the vicinity of Barceloneta. In the vicinity of Barceloneta, heads initially were as much as 150 m above mean sea level (or generally 60 m above the land surface datum). By 1990, 14 artesian water-supply wells had been drilled in the area between Barceloneta and Manatí.
The lateral extension of the lower artesian aquifer was defined during test drilling conducted between 1986 and 1988. Hydraulically, the lower aquifer is the down-dip extension of fig. 15 ) and the Río de la Plata (test well NC-13, fig. 15 ). Head measurements made in these wells indicated a general lowering of the potentiometric surface to the east ( fig. 18 ). The configuration of the potentiometric surface indicates that along the downdip section east of the Río Grande de Manatí, the regional direction of groundwater flow in the lower aquifer is east with regional discharge occurring beneath the coastal plain east of the Río de la Plata. The eastern-most discharge area may be in the vicinity of the wetlands at Sabana Seca, which is located about 5 km east of the Río de la Plata. The unconfined or upper aquifer, which is contained within the Aymamón and Aguada Limestones in the area between the Río Grande de Arecibo to Río de la Plata, is the most productive aquifer in the North Coast Province. The aquifer, however, exists mostly as a lens of freshwater overlying saltwater with the thickness of the freshwater lens controlled primarily by natural aquifer discharge features such as streams, wetlands, or springs, or locally, by artificial discharge features such as drainage works and water-supply wells. In general, the freshwater lens extends inland to about the 3-m potentiometric surface contour, which is located approximately along latitude 18°26' or generally 5 km from the coastline. Inland from this latitude in the area between the Río Grande de Arecibo and the Río Cibuco, the upper part of the Cibao Formation forms the base of the upper aquifer and hydraulically separates the unconfined upper aquifer from the underlying confined lower aquifer.
East of the Río Cibuco and inland from about latitude 18°26', the upper part of the Cibao Formation does not seem to fully confine the groundwater contained in the Cibao Formation and Lares Limestone. Transmissivity values for the freshwater part of the unconfined aquifer overlying saltwater near the coast typically range from 2,000 to 15,000 m 2 /d and decrease rapidly inland. In the part of the upper aquifer contained within the Aguada Limestone and bounded beneath by the Cibao Formation, the transmissivity commonly is less than 500 m 2 /d. Farther inland where the groundwater in the Cibao Formation and Lares Limestone is unconfined, the transmissivity is less than 20 m 2 /d; locally, the transmissivity could be zero in the chalk units of the Lares Limestone.
As in the western part of the North Coast Province, groundwater flow in this area has been modified substantially from predevelopment conditions. The most notable change has been the dewatering of coastal wetlands, particularly the Caño Tiburones in the area between the Río Grande de Arecibo and the Río Grande de Manatí, and the construction of a drainage channel that connects Laguna Tortuguero with the Atlantic Ocean (plate 1). At Caño Tiburones, water levels were lowered from about 1 to 2 m above mean sea level in 1930 to as much as 2 m below mean sea level in 1980 as a result of constructing extensive drainage canals, tidal gates, and a dewatering pumping station. In 1998, however, agricultural use was completely phased out and an area of about 2,800 ha was declared a natural preserve by the Puerto Rico Department of Natural and Environmental Resources (http://www.drna.gobierno.pr). At Laguna Tortuguero, the ocean outlet lowered the water level in this relatively freshwater lagoon (the dissolved solids concentration was 1,000 milligrams per liter (mg/L) in 1988) from about 1.5 m above mean sea level in 1940 (Bennet and Giusti, 1972) to about 0.75 m above mean sea level in 1975 (Quiñones-Marquez and Fusté, 1978) . East of Laguna Tortuguero in the area between the Río Cibuco and the Río de la Plata, the potentiometric surface declined as much as 3 m within the coastal plain between 1946 and 1983 (Gómez-Gómez and Torres-Sierra, 1988). 
Río de la Plata to Río Espíritu Santo Area
In the Río de la Plata to Río Espíritu Santo area, fresh groundwater is unconfined within the undifferentiated coastal plain deposits and the alluvial deposits of the major streams and within the Aguada Limestone, the Cibao Formation, and the Mucarabones Sand. In the area between the Río de Bayamón and the Río Piedras, groundwater is confined in the basal part of the Cibao Formation or possibly the basal part of the Aguada Limestone and in the Mucarabones Sand (Anderson, 1976) . In the area between the Río de Bayamón and the Río Piedras, fresh groundwater in the Aymamón and Aguada Limestones is limited primarily to the inland-most parts of the formations as a result of saltwater encroachment ( fig. 20) .
Alluvium, terrace deposits, blanket sand, beach, and dune deposits overlie the Aymamón and Aguada Limestones throughout most of the area. The thickness of these deposits ranges from a maximum of 100 m within major stream valleys to about 30 m or less elsewhere. Except for an increase in sand and clay in the eastern part of the formation, the Aguada Limestone is similar in lithology to other areas west of the Río de la Plata.
In the Río de la Plata to Río Bayamón area, the Cibao Formation consists of limestone, sand, and clay. West of the Río de Bayamón, the Cibao Formation intertongues and grades laterally eastward into the Mucarabones Sand. Similarly, the Aguada Limestone is intercalated with chalky beds of the Cibao Formation and becomes indistinguishable from the Cibao Formation about 0.5 km east of the Río de la Plata. The Mucarabones Sand consists of fine to medium sand. Near the base of the Mucarabones unit, the sand coarsens and the formation contains gravel and lenses of greenish-gray sandy clay. The Mucarabones Sand reaches a maximum thickness of 100 m in the area between the Río de la Plata and the Río de Bayamón. The Aguada Limestone is the principal source of freshwater between the Río de la Plata and Sabana Seca (plate 1). Transmissivities in this area range from 1,000 to 2,000 m 2 /d. Eastward from Sabana Seca, both the Cibao Formation and the Mucarabones Sand are hydraulically interconnected near their outcrop areas. Aquifer tests conducted in wells tapping both the Cibao and the Mucarabones units indicate the estimated transmissivity to be less than 1,000 m 2 /d. Few wells exclusively tap the Mucarabones Sand; therefore, the potential of this unit as a water-supply source in down-dip areas is unknown. The surficial coastal plain deposits essentially are the only source of freshwater in areas east of the Río Grande de Loíza. Groundwater within the coastal plain deposits exists as a freshwater lens or lenses overlying saltwater. The thickness of the freshwater lenses is not more than 30 m, which limits groundwater development for domestic uses and supplies for watering livestock (Torres-González, 1984) .
The groundwater resources of the Río de la Plata to the Río Espíritu Santo area were among the first to be developed or affected by dewatering works along the north coast. The use of groundwater in the area is minimal because of widespread saltwater intrusion. Most well fields have been abandoned or destroyed except in the western part of the area between the Río de la Plata and Sabana Seca, where saltwater intrusion has been limited by reducing groundwater withdrawals. Overall groundwater withdrawals in the Río de la Plata to the Río Espíritu Santo area are estimated to be less than 5,000 m 3 /d.
South Coast Province
The South Coast Province covers about 800 km 2 along the southern coast of Puerto Rico. Aquifers in this region are composed of coalescing alluvial fans and terrace deposits that form a continuous coastal plain in the area from Ponce to Patillas, and limestones of Tertiary age that underlie alluvial stream valleys in the area extending from the Río Tallaboa to the Río Loco ( fig. 14) . West of the Río Loco, the occurrence of groundwater is limited to alluvial deposits of ephemeral streams.
On the basis of physiographic differences, the South Coast Province has been subdivided into two subareas: (1) the Patillas to Ponce area and (2) the Tallaboa-Guayanilla-Yauco-Guánica Valleys (Gómez-Gómez and Heisel, 1980) . The following sections describe the hydrogeologic features of each subarea.
Patillas to Ponce Area
The Patillas to Ponce area of the South Coast Province is about 65 km long and averages about 5 km wide. The Patillas to Ponce area is underlain by the South Coastal Alluvial Plain aquifer system, which is the second most extensive aquifer in Puerto Rico ( fig. 21) . The coastal plain deposits that compose the aquifer system consist of a series of alluvial fans formed by sediment-laden, fast-flowing intermittent streams that originate at altitudes above 300 m and within 25 km of the Caribbean Sea. Below an altitude of about 45 to 30 m, coastal plain sediments are Holocene and Pleistocene (?) in age. Delta-fan deposits in this area contain a high proportion of sand and gravel at the apex of the major fans, becoming finer grained toward the coast and in interfluvial areas.
Coastal plain sediments are underlain by volcanic rocks in the area east of Río Coamo and by sedimentary rocks of middle Tertiary age throughout most of the coastal plain west of Río Coamo (plate 1). The volcanic rocks consist of massive to thick-bedded andesite tuff and welded tuff, porphyritic basalt, volcanic breccia, sandstone, and siltstone. Rocks of middle Tertiary age consist of the Juana Díaz Formation, which is overlain by the Ponce Limestone. The Juana Díaz Formation has been informally subdivided into a mudstone, a basal conglomerate, chalk beds, and upper clastic beds. The Ponce Limestone is largely a recrystallized limestone locally rich in reefal material that is relatively high in calcium carbonate. Where saturated, the Juana Díaz Formation contains saline groundwater (dissolved solids concentration greater than 1,000 mg/L). Also, because of its highly clayey nature and consequently low permeability, the Juana Díaz Formation is not considered to be an aquifer. In the vicinity of the Ponce urban area, the alluvium is underlain by the Ponce Limestone, which seems to have karstic features. These features are inferred by the specific capacity of wells that typically are less than 6 L/s/m, tapping alluvium exclusively, and as high as 32 L/s/m, tapping both alluvium and limestone.
Groundwater is unconfined within the alluvium, except along the coast where surficial deposits consisting of silt, clay, and swamp deposits serve as a semiconfining unit that hydraulically separates the surficial deposits from the underlying coarser more permeable alluvium. Throughout the coastal plain, the thickness of the alluvium differs substantially as a result of faulting and weathering of the bedrock units. In the area between Río Grande de Patillas and Río Jueyes, the depth to bedrock along the coast ranges from 128 m at Río Nigua fan to 36 m near the mouth of Río Seco ( fig. 21 ). In the area between Río Jueyes and the western limit of the coastal plain at Ponce, the thickness of the alluvium is about 915 m near the mouth of Río Coamo (test well site CPR-1, fig. 21 ) and about 120 m near the mouth of Río Cañas (test well site CPR-2, fig. 21 ). In the area west of Río Jacaguas, groundwater is present in both the alluvium and associated clastic deposits and in the underlying limestone (plate 1). Test drilling conducted near Ponce in 1987 confirmed the occurrence of groundwater in the underlying limestone at a depth of 180 m below mean sea level (test well SC-7, figs. 21, 22; however, the dissolved solids concentration of groundwater increased with depth to 1,500 mg/L.
Transmissivity of the South Coastal Alluvial Plain aquifer system varies substantially between the alluvial fans and within each fan. The highest transmissivities were found within Río Nigua de Salinas (Río Salinas) and Río Coamo fans. Transmissivity is estimated to be as high as 6,500 m 2 /d within the apex of each alluvial fan. East of Río Nigua fan, aquifer transmissivity is substantially lower, with values commonly less than 500 m In the Patillas to Ponce area, prior to construction of the first irrigation canals and diversions in the late 1800s, the source of recharge to the aquifer was from streamflow seepage and from rainfall infiltration through the alluvial and terrace deposits. Discharge from the aquifer occurred as flow to near shore and offshore springs, as seepage to the seabed and lower portions of stream channels, and as evapotranspiration from the shallow water table near the coast. Prior to the beginning of the 1900s, an extensive network of irrigation canals and reservoirs already existed in the area between Río Jacaguas and Ponce. Additionally, small-scale irrigation works existed in Río Coamo and Río Nigua fans and in the vicinity of Guayama and were limited to diversion of baseflows from streams near the foothills. The first large-scale surface-water irrigation system was completed in 1914 and consisted of the Canal de Patillas and Lago de Patillas reservoir; Lago Carite reservoir north of the insular hydrologic divide in the Río de la Plata watershed and a diversion tunnel to Río Guamaní; the Canal de Juana Díaz, Lago Guayabal, and Lago Coamo reservoirs. Originally, the combined flows through these canals averaged about 285,000 m 3 /d. With the completion of Lago Guineo and Lago Matrullas reservoirs north of the insular hydrologic divide in the Río Grande de Manatí watershed and the completion of the diversion tunnel to Río Jacaguas in 1935, however, the system of reservoirs, tunnels, pump stations, and canals conveyed as much as 300,000 m 3 /d. Large-scale groundwater development of the South Coastal Alluvial Plain aquifer system commenced in 1910 with the construction of steam-operated pumps that were powered by kerosene. By 1925, about 50 of these pumping installations existed, most with capacities above 60 L/s and groundwater withdrawals totaling about 80,000 m 3 /d. The greatest expansion in construction of irrigation water-supply wells occurred during the 1930s when electricity was extended into the area, bagasse-fueled steam generators were installed at sugar mills, and deep turbine pumps were introduced. In addition, water works to supply irrigation needs and largescale dewatering operations were implemented during the late 1930s to control the spread of malaria and to reclaim additional land for sugarcane cultivation.
A review of well construction logs indicates that between 1930 and 1987 the potentiometric surface along the coastal artesian zone declined by as much as 1.5 m in the Ponce area and by as much as 3.0 m at Santa Isabel. In the Río Nigua fan and toward the eastern part of the coastal plain, groundwater levels had not changed substantially between 1920 and 1986. In general, aquifer recharge has been augmented by the irrigation-canal network with discharge occurring mainly through groundwater withdrawals and by drainage ditches. In 1980, irrigation deliveries were approximately 240,000 m
Tallaboa-Guayanilla-Yauco-Guánica Valleys
The main aquifers in the Tallaboa-Guayanilla-YaucoGuánica valleys are formed by the alluvium deposited within the stream valleys. The alluvium consists of coarse sand and gravel that grade seaward to fine sand, silt, clay, and swamp deposits. Bedrock underlying these valleys consists of the Juana Díaz Formation in inland areas and the Ponce Limestone near the coast under conditions similar to those found in the Río Tallaboa valley ( fig. 23 ). Although groundwater is present in outcrop areas, the bedrock generally is not considered to be an aquifer because of the low yield to wells and high concentration of dissolved solids from wells tapping the limestone bedrock exclusively; within outcrop areas, the dissolved solids concentration is about 2,000 mg/L. The valley alluvium is underlain by the Ponce Limestone, which has developed secondary porosity and is tapped by wells also open to the alluvium.
Groundwater in the Tallaboa-Guayanilla-Yauco-Guánica valleys is unconfined and occurs within the alluvial deposits and the Ponce Limestone. Near the coast, groundwater is present as a freshwater lens overlying saltwater. The saturated thickness of the freshwater lens throughout the lower parts of the valleys is unknown. Recharge to these aquifers is derived primarily from streamflow as seepage through the streambed or by spatial infiltration of streamflow diversions for irrigation where such practices occur. In all stream valleys except the Río Guayanilla valley, streamflow is derived in large part from reservoirs located north of the insular hydrologic divide (plate 1). Discharge occurs through groundwater withdrawals at wells, through seepage to streams in the lower parts of the valleys, by evapotranspiration within the near-shore part of the aquifer where the water table is near land surface, and to a lesser extent as seepage to the seabed. The hydrologic system in these valleys has been modified such that the relative importance of any aquifer recharge or discharge process could vary substantially from year to year. For example, gross groundwater withdrawals were estimated at about 150,000 m 3 /d in the early 1970s; however, by 1985, withdrawals had diminished to about 75,000 m 3 /d as a result of the complete shutdown of the petrochemical complex in the Tallaboa and Guayanilla valleys and the closure of the island's largest sugarcane mill at Guánica. By 2005, groundwater withdrawals were estimated at 55,000 m³/d, of which 57 percent was for public supply, 38 percent for irrigation, 1 percent for domestic use, and the remaining 4 percent mostly for thermoelectric power production (Molina-Rivera and Gómez-Gómez, 2008). 
Río Guanajibo
The Río Guanajibo valley aquifer is formed by detrital clay, silt, sand, and gravel underlain by one or more beds of limestone (the limestone subsurface facies have not been correlated to outcrop facies, fig. 24 ). Alluvial sediments and other surficial deposits are as much as 30 m thick in the valley. Although the thickness of the limestone beds is unknown, it is estimated to be greater than 45 m. The underlying bedrock consists of volcanic and sedimentary rocks of Cretaceous age; the rocks are predominantly basaltic andesite and mudstone as indicated by information obtained from wells drilled into the bedrock (Colón-Dieppa and Quiñones-Marquez, 1985) . In the southwestern part of the valley near Cabo Rojo where wells tap both alluvium and limestone and have yields of 25 L/s, aquifer transmissivity is about 245 m 2 /d. The higher transmissivity in this part of the valley is attributed to the underlying limestone units. figure 10 ; adapted from Colón-Dieppa and Quiñones-Marquez, 1985) . figure 10 ; modified from Colón-Dieppa and Quiñones-Marquez, 1985) .
Río Yaguez
In the Río Yaguez valley, the alluvium has a maximum known thickness of 60 m and is the principal aquifer (Bogart and others, 1964) . The alluvial deposits are underlain by alternating layers of clastic sediments and limestone. In an area where a 30-m-deep well tapped the alluvium, the estimated transmissivity was 90 m 2 /d.
Río Grande de Añasco
In the Río Grande de Añasco valley, the alluvium is as much as 138 m thick and predominately consists of clay strata interbedded with sand and one or more beds of limestone that have a thickness of about 14 m. The few existing wells in the valley are insufficient to determine whether the limestone beds are laterally extensive or are discontinuous, isolated lenses. In an area where an 82-m-deep well tapped unconsolidated sediments and limestone, the estimated transmissivity was 85 m 2 /d.
Río Culebrinas
No hydrogeologic information is available for the Río Culebrinas valley.
Groundwater flows in these stream-valley aquifers under predevelopment conditions should be similar to the flows in the Río Grande de Añasco alluvial valley (Díaz and Jordan, 1987) . Recharge occurs primarily from rainfall infiltration, and discharge occurs as seepage to the streams and the seabed and as evapotranspiration. The latter may be the principal groundwater discharge mechanism in all valleys owing to the shallow water table. Extensive drainage ditches have been constructed in the Río Guanajibo, Río Grande de Añasco, and Río Culebrinas valleys to control waterlogging of soils; however, because of the high rainfall during most of the year, the water table remains near land surface. In the Río Yaguez valley, urbanization has covered nearly the entire area and use of the alluvial aquifer has essentially been abandoned. The only area where groundwater withdrawal is substantial is in the Río Guanajibo valley. Withdrawals in the Río Guanajibo valley primarily are for public supply and were estimated to be 20,000 m 
East Coast Province
The East Coast Province consists of the coastal area extending east of the Río Grande on the northeast side of the island to the Río Maunabo valley in the southeastern part of Puerto Rico ( fig. 14) . The province is subdivided into four major aquifer areas, which are identified as follows: (1) 
Fajardo Area
The Fajardo area extends from Punta Picúa on the north coast to Punta Lima on the east coast and is characterized by a narrow coastal plain and small alluvial stream valleys (plate 1). The alluvium, which forms the principal aquifer, consists of lenticular beds of clay, sand, and gravel, and weathered rock fragments at depths of less than 30 m. The highest wateryielding units are in the lower alluvial fan of the Río Fajardo where inflow to the aquifer from the river may be induced through gravel and sand deposits. Groundwater withdrawal was at one time greatest at the town of Fajardo; however, saltwater encroachment from the sea resulted in the abandonment of large production wells by the early 1960s. In the Fajardo area, transmissivity of the alluvial aquifer is largely unknown, but may be about 100 m 2 /d in lower parts of the valleys where the total thickness of the alluvium is greatest.
Naguabo-Humacao Area
Aquifers in the Naguabo-Humacao area are formed by the coalescing alluvial fans of the Río Santiago, Río Blanco, Río Antón Ruiz, Río Humacao, and Río Candelero (plate 1). Generally, the alluvium in this area consists of fine sand, silt, clay, and swamp deposits that have a total saturated thickness of less than 20 m in inland areas unaffected by saltwater encroachment and as much as 50 m near the coast. Estimates of aquifer transmissivities range from 55 to 185 m 2 /d (Graves, 1989) . In the Río Antón Ruiz alluvial valley where a test well was drilled into the alluvium, an estimated transmissivity of 140 m 
Yabucoa Valley
The Yabucoa valley area is characterized by the Río Guayanés valley that has incised down through the San Lorenzo batholith, which is a granodiorite intrusion (plate 1). The bedrock surface is irregular and lies within 50 m of land surface along most of the coast. The bedrock is overlain by alluvium, which forms the principal aquifer in this area. The alluvium largely consists of clay with appreciable amounts of sand. The thickness of the alluvial deposits is as much as 90 m in the central part of the valley, but averages 30 m in most areas (Robison and Anders, 1973) . Estimates of aquifer transmissivity range from 185 to 465 m 2 /d in areas where the saturated thickness of the alluvium varies between 40 and 50 m (Robison and Anders, 1973) .
Maunabo Valley
The principal aquifer in the Maunabo valley area is formed by alluvium that is up to 60 m thick. The alluvium consists of discontinuous, lenticular deposits of sand, gravel, and cobbles; however, drilling logs indicate that the lithology varies widely within the valley with some lenses containing coarser material than others. In general, lenses with coarser material are within the main axis of the valley along the Río Maunabo. Locally, aquifer transmissivity is as high as 325 m 2 /d in areas where the saturated thickness of the alluvium is 30 m (Adolphson and others, 1977) .
Generally, groundwater in the alluvial aquifers within the East Coast Province is unconfined. In the Naguabo-Humacao area, semiconfined conditions were found in the vicinity of the foothills where wells were drilled into the weathered rock zone underlying the alluvium (Graves, 1989) . Similar conditions were found in the Yabucoa valley; however, the semiconfining conditions were attributed to anisotropy caused by stratification of the alluvial deposits. An analog model constructed for the aquifer system in the Yabucoa valley indicated that the stratified conditions of the unconsolidated sediments induced a lateral to vertical hydraulic conductivity ratio of about 1,600 to 1 (Robison and Anders, 1973) . Such conditions are important in assessing groundwater/surfacewater relations and in properly defining potential groundwater development without inducing saltwater encroachment.
Discharge from aquifers in the East Coast Province has been modified substantially by groundwater withdrawals and by dewatering wetland areas. In the Fajardo area, discharge to lower segments of streams occurs as evapotranspiration near the coast where the water table is shallow and as subsurface seepage near the shore. In the Naguabo-Humacao area, groundwater generally discharges to coastal swamps. In the Yabucoa area, discharge occurs primarily as evapotranspiration (Robison and Anders, 1973) . In the Maunabo area, most groundwater discharges to the Río Maunabo constituting nearly 50 percent of the annual streamflow (Adolphson and others, 1977) .
Groundwater withdrawals from aquifers in the East Coast Province are estimated at about 22,000 m 
Lajas Valley
Lajas Valley in southwestern Puerto Rico covers about 130 km 2 and is bounded by ridges to the north and south ( fig. 25) . Topographically, the valley is bisected by a north-south trending drainage divide that parallels longitude 67°04'00" and reaches a maximum altitude of 14 m. The valley floor slopes away from the divide to the east and west.
The valley is underlain by unconsolidated deposits of silt and clay that interfinger with coarse materials washed into the valley by ephemeral streams. The thickness of these deposits is as much as 90 m. The unconsolidated deposits are underlain by one or more limestone units of undetermined thickness and age. In highland areas, several limestone units have been identified including the Ponce Limestone of Miocene age and the Cotui Limestone, the Parguera Limestone, and the Melones Limestone all of Late Cretaceous age (Volkman, 1984) .
Several aquifers are located in the Lajas Valley. The most extensive aquifer is a leaky confined aquifer that is present within the limestone units underlying the unconsolidated deposits (plate 1). Recharge to this aquifer occurs as rainfall that infiltrates through the coarse alluvium found along the edges of the valley; as runoff from ephemeral streams especially along the more humid north side of the valley; and since 1955, as seepage of surface water diverted into the valley from the extensive hydroelectric power/irrigation infrastructure, which conveys water from the Río Grande de Añasco Basin across the insular hydrologic divide and south to Lago Lucchetti and Lago Loco reservoirs.
The potentiometric surface of the leaky confined aquifer has a maximum altitude of about 4 m near the topographic divide of the valley floor. Discharge from the aquifer toward the west occurs as subsurface flow to coastal wetlands and the seabed and as evapotranspiration. Discharge from the aquifer to the east occurs as seepage to the Cienaga el Anegado, which is a marsh, and the Laguna de Guánica, which has been an ephemeral brackish-water lagoon since the mid-1950s when the lagoon was drained. These wetland areas were dewatered in the 1950s by construction of tile underdrains and drainage canals with discharge directed to the Bahía de Guánica.
Transmissivity estimates for the limestone aquifer range from 200 to 3,000 m 2 /d (Anderson, 1977) . The lowest transmissivity occurs in the area near the town of Lajas, and the highest values are measured in areas near the center of Lajas Valley. In the 1940s, groundwater withdrawals in Lajas Valley for irrigation purposes were estimated at 30,000 m 3 /d. Withdrawals for irrigation were halted prior to 1955 due to salinization problems at wells. As a result, groundwater was replaced with surface water obtained from basins north of the insular hydrologic divide and delivered to farm lands through the Lajas Valley irrigation-canal network.
Surface-water deliveries to the valley averaged about 65,000 m 3 /d until 1980 when much of the farm land that had been cultivated previously in sugarcane was abandoned. In 1982, surface-water deliveries averaged only 22,000 m 
Interior Province
The Interior Province comprises all areas within the interior part of the island that have not been described previously. The Interior Province also includes the volcanic and carbonate rocks that crop out in southwestern Puerto Rico. The only principal aquifers in this province are found in the Caguas-Juncos and the Cayey valleys, which have a total area of 141 km 2 ( fig. 14) . The Caguas-Juncos valley covers about 130 km 2 and is underlain by alluvial deposits that consist of clay, sand, and gravel. The maximum known thickness of the deposits is 37 m; however, thicknesses generally are less than 18 m in most areas of the valley.
The Cayey valley covers about 11 km 2 and also is underlain by alluvium that predominantly consists of clay and rock fragments. The average thickness of the alluvium is about 8 m; the thickness of the underlying weathered rock is as much as 15 m. In both valley areas, the principal source of recharge to the aquifers is rainfall that percolates downward through the unconsolidated deposits and eventually infiltrates through the underlying weathered or fractured rocks. The average yield of wells tapping the aquifers in these valleys is 10 L/s.
A hydrologic assessment was conducted in the CaguasJuncos valley in the early 1990s (Puig and Rodriguez, 1993) . In the Cayey valley, no hydrogeologic studies have been conducted; however, in areas of the valley where wells tap both the alluvium and the weathered rock, the estimated transmissivity is about 50 m 2 /d, and estimated groundwater withdrawals in 1990 were less than 2,000 m 3 /d.
Vieques and Culebra Islands
On the island of Vieques, the Esperanza and Resolución aquifers cover an area of 16 km² and are the only principal aquifers containing freshwater (dissolved solids concentration less than 1,000 mg/L) ( fig. 14) . The aquifers are formed by alluvial deposits that thicken seaward from a feathers edge in inland areas, where volcanic rocks crop out, to as much as 27 m of saturated thickness along the coast. The alluvium predominantly consists of fine to coarse sand and clay, which is derived from the weathering of a granodiorite intrusive. The proportion of clay and silt in the unconsolidated deposits is greater in areas near the coast. Silt, clay, and swamp deposits interfinger with and locally cap the coarse alluvial sediments throughout most of the coast (Torres-Gónzalez, 1989 ). Estimates of aquifer transmissivity for the two aquifers range from 185 m 2 /d in the vicinity of Ensenada Sombe (Sunbay) to less than 20 m 2 /d elsewhere on the island of Vieques. Groundwater in the Esperanza and Resolución aquifers is unconfined, except near the coast where swamp deposits overlie the alluvium and result in semiconfined conditions. Recharge to both aquifers occurs during periods of intense rainfall. Recharge occurs as direct infiltration through the alluvial deposits or as infiltration of runoff from upland areas. Discharge occurs as seepage to wetlands or as subsurface seepage to the seabed near the shoreline. Groundwater was withdrawn primarily from the Esperanza aquifer for public water supply. Withdrawals of about 2,500 m 3 /d from the principal public water-supply well field near Ensenada Sombe (Sunbay) reached a peak in the mid 1970s. Withdrawals from the well field were reduced because of saltwater encroachment. In 1978, all withdrawals from the well field were discontinued when an underwater pipeline between Vieques island and Puerto Rico was completed. In 1990, the only major use of groundwater on Vieques island was for a military installation; withdrawals were estimated to be less than 100 m 3 /d. By 2000, all military installations on the island were closed and withdrawals ceased.
Aquifers on Culebra island are formed by volcanic rocks and alluvial deposits underlying the coastal embayments (plate 2). The total estimated thickness of the unconsolidated deposits in the embayments (alluvium and weathered rock) is less than 18 m. Most wells on the island of Culebra are shallow, dug wells that supply water to livestock. To augment the water supply of the island, several wells were drilled within an upland depression; however, the sustained yield of these wells was less than 20 m 3 /d. An underwater pipeline connecting Culebra to the public water supply of Vieques island was constructed around 1989.
Mona Island
Information on the groundwater resources of Mona island is sparse; only four shallow, dug wells are located in the coastal plain on the southwestern end of the island (plate 2; fig. 26 ). The coastal plain rises to about 5 m above mean sea level and consists of sand and reef deposits. No springs have been reported emerging from the cliffs even during major rainstorm events, which may indicate that the limestone and underlying calcitic dolomite have a high permeability and are capable of conveying a large percentage of the infiltrating rainfall to the water table. If an aquifer exists within the Isla de Mona Dolomite, it may resemble a typical Ghyben-Herzberg freshwater lens given the circular shape of the island and the propensity for dissolution in dolomites (Verrjuit, 1968) . The groundwater quality, however, would most likely have a dissolved solids concentration greater than 1,000 mg/L, even at the apex of the freshwater lens as a result of the seawater aerosol over the island. Groundwater quality can be inferred from the analyses of water samples obtained from a pool in Cueva de los Pájaros (also known as Cueva del Caballo) and samples collected from the four dug wells and a brackishwater pond (Manglar Sardinera) at Punta Arenas ( fig. 6 ; Puerto Rico Environmental Quality Board, 1973). 
Summary and Conclusions
The availability of hydrogeologic maps for Puerto Rico and the outlying islands of Vieques, Culebra, and Mona are important to hydrogeologists, groundwater specialists, and water resource managers and planners. These maps, in combination with the report, serve as a source of information to all users by providing basic hydrogeologic and hydrologic knowledge in a concise illustrated format.
Puerto Rico and the outlying islands cover a total area of 8,927 square kilometers (km 2 ). Of this total area, about 3,500 km 2 are underlain by hydrogeologic units that are classified as intergranular or fissured. These hydrogeologic units form the principal aquifer systems throughout Puerto Rico and the outlying islands.
In Puerto Rico, the most extensive and intensely developed aquifers are the North Coast Limestone aquifer system and the South Coastal Alluvial Plain aquifer system. Withdrawals from these two aquifer systems constitute nearly 70 percent of the total groundwater withdrawn in Puerto Rico.
The spatial extent of the North Coast Limestone aquifer system is about 2,000 km 2 . Within this aquifer system, groundwater development is greatest in the 800-km 2 area between the Río Grande de Arecibo and the Río de la Plata. This also is the area for which concern is the highest regarding the future use of groundwater as a primary source of water for domestic and industrial use. In the outlying islands of Vieques, Culebra, and Mona, only Vieques is underlain by aquifers of any local importance. The Resolución and Esperanza aquifers underlie an area covering 16 km 2 on the island of Vieques. Prior to 1978 when an underwater public water-supply pipeline connecting Vieques to the main island of Puerto Rico was completed, groundwater withdrawal from the two aquifers was as much as 2,500 m 3 /d. Groundwater withdrawals in Vieques island in 2005 were estimated at less than 100 m 3 /d. The potential development of relatively untapped groundwater resources in Puerto Rico is limited to the Río Grande de Añasco valley and the Río Culebrinas valley in the western part of the island and to the Río Grande de Arecibo part of the North Coast Limestone aquifer system. In general, the North Coast Limestone and the South Coastal Alluvial Plain aquifer systems, which are the two principal groundwater-flow systems in Puerto Rico, show evidence of aquifer overdraft as indicated by regional increases in concentrations of dissolved solids.
Optimization of withdrawals through conjunctive use of both surface-water and groundwater sources and by instituting water conservation measures has the greatest potential to ensure the continued use of groundwater resources. In support of these efforts, programs also could be implemented to improve database information regarding groundwater withdrawals and the contribution of surface-water diversions to surface-water flow, especially within the southern coastal plain of Puerto Rico.
